Human noroviruses (family Caliciviridae) are the leading cause of nonbacterial gastroenteritis worldwide. Although Human noroviruses are significant enteric pathogens, there exists no reliable vaccine or therapy to treat infected individuals. To date, attempts to cultivate Human noroviruses within the laboratory have met with little success; however, the related murine norovirus mouse norovirus 1 (MNV-1) has provided an ideal model system to study norovirus replication due to the ease with which the virus is cultivated and the ability to infect a small animal model with this virus. Previously we have identified the association between MNV-1 and components of the host secretory pathway and proposed a role for the viral open reading frame 1 proteins in the replication cycle. Here we describe for the first time a role for cytoskeletal components in early MNV-1 replication events. We show that the MNV-1 utilizes microtubules to position the replication complex adjacent to the microtubule organizing center. Chemical disruption of the microtubule network disperses the sites of MNV-1 replication throughout the cell and impairs production of viral protein and infectious virus. Furthermore, we demonstrate the ability of MNV-1 to redistribute acetylated tubulin to the replication complex and that this association is potentially mediated via the MNV-1 major structural protein, VP1. Transient expression of MNV-1 VP1 exhibited extensive colocalization with both ␣-tubulin and acetylated tubulin and was observed to alter the distribution of acetylated tubulin in transfected cells. This study highlights the role of the cytoskeleton in early virus replication events and demonstrates the importance of this interaction in establishing the intracellular location of MNV-1 replication complexes.
C
aliciviruses (family Caliciviridae) are small (27-to 35-nm), nonenveloped viruses which possess a single-stranded, positive-sense RNA genome of 7 to 8 kb. Of the five genera that have been described within this family (Vesivirus, Lagovirus, Sapovirus, Nebovirus, and Norovirus), only those within the Sapovirus and Norovirus genera have been identified as enteric pathogens of humans. Human noroviruses (HuNoVs) are the major cause of nonbacterial gastroenteritis outbreaks in adults worldwide and account for approximately 50 to 90% of such cases (5, 6, 31, 32) . NoV infection is associated with mild to severe illness characterized by diarrhea and/or vomiting, which in extreme cases can lead to dehydration and death (37) . Due to the highly contagious nature of NoVs, their low infectious dose, and their high stability within the environment, HuNoVs are significant enteric pathogens.
Due to the inability to cultivate HuNoV and the lack of a small animal model, relatively little is known about NoV biology. As such, very little is known regarding the replication and pathogenesis of NoV, with no reliable treatment or vaccine being available. In 2003, a novel mouse NoV, mouse NoV 1 (MNV-1), was initially isolated, characterized, and used to study the immunological aspects of NoV pathology (28) . After this discovery, MNV-1 was discovered to possess a tropism for cells of a mononuclear origin, specifically macrophages and dendritic cells (53) , thereby providing a viable tissue culture system for the study of NoV replication.
The NoV genome is protein linked at the 5= end and polyadenylated at the 3= end and is organized into three (possibly four) open reading frames (ORFs) (46) . ORF1 encodes six nonstructural (NS) proteins which are translated as a single polypeptide (5=-NS1-2-NS3-NS4 -NS5-NS6 -NS7-3=) and subsequently cleaved by the virally encoded protease (NS6) to produce the mature viral NS proteins (46) . The major and minor structural proteins, VP1 and VP2, are encoded by ORF2 and ORF3, respectively, and are translated from a subgenomic positive RNA species to form the virus capsid (4) . The 5= end of ORF2 is the most highly conserved region across all known NoV strains and has been shown to be the site of recombination in this virus (9, 10) .
Little is known regarding NoV replication. Previously, we have identified the subcellular localization of the MNV-1 replication complex (RC) and shown that the virus replicates in association with membrane vesicles derived from components of the secretory pathway (21) . More recently we have characterized the subcellular localizations of the individual ORF1 proteins, which exhibit distinct localization profiles (20) . Currently we know little about the involvement of cytoskeletal components in calicivirus replication. In this study, we show that MNV-1 appears to utilize the host cytoskeleton to establish virus replication proximal to the microtubule organizing center (MTOC). Our results suggest that localization to this site is required for efficient replication. Additionally, we demonstrate that MNV-1 replication induces the re-distribution of acetylated tubulin to the site of replication via a potential interaction with VP1.
MATERIALS AND METHODS
Viruses and cells. RAW264.7 and Vero C1008 cells were grown and maintained in Dulbecco modified Eagle medium (DMEM) (Invitrogen, Australia) supplemented with 5% fetal calf serum (Lonza, Basel, Switzerland), 2 mM Glutamax (Gibco BRL), and penicillin (100 U/ml)-streptomycin (100 g/ml) (Gibco BRL). Cells were infected with MNV-1 strain CW1 at a multiplicity of infection (MOI) of 5 (i.e., 5 PFU/cell) as previously described (28) , and infected cells were maintained in DMEM containing 5% fetal calf serum, 2 mM Glutamax, and penicillin (100 U/ml)-streptomycin (100 g/ml).
Reagents. (i) Antibodies. MNV-1-specific guinea pig polyclonal antibodies have been described previously (46) . MNV-1-specific rabbit polyclonal antibodies were generously provided by Herbert Virgin (Washington University School of Medicine, St. Louis, MO). Rabbit polyclonal sera raised against MNV-1 NS6 and NS7 were generated and purchased from Invitrogen. Anti-rabbit-, anti-guinea pig-, and anti-mouse-specific IgGAlexa Fluor 488, 549, and 647 were purchased from Molecular Probes (Invitrogen, Leiden, The Netherlands). Anti-␣-tubulin, anti-␤-tubulin, anti-␥-tubulin, and antiactin were purchased from Molecular Probes, antivimentin and antipericentrin were purchased from Abcam (Cambridge, MA), mouse anti-acetylated-␣-tubulin was purchased from Invitrogen, and anti-double-stranded RNA (anti-dsRNA) (clone J2) was purchased from English & Scientific Consulting Bt. (Hungary).
(ii) Chemicals. Lipofectamine 2000 transfection reagent was purchased from Invitrogen. Nocodazole (Noz) was purchased from MerckCalbiochem (Germany). Efficient concentrations of all chemicals were determined by titration to an endpoint where cell viability was maintained and the drug actions were still in effect, using the CytoTox 96 nonradioactive cytotoxicity assay (Promega).
Construction of plasmids. pcDNA3.1 expression vectors containing the individual ORF1 proteins were constructed as previously described (20) . The gene expressing VP1 was similarly cloned into pcDNA3.1(ϩ) using primers purchased from Geneworks (Australia) (forward, 5=-GAT ATCACCACCATGAGGATGAGTGATGGC-3=; reverse, 5=-ACTAGTTC AATGATGATGATGATGATGTTGTTTGAGCATTCG-3=).
IF analysis. Raw264.7 cell monolayers on coverslips were infected with MNV-1 at an MOI of 5 and incubated at 37°C for the time periods specified. Alternately, Vero C1008 cell monolayers were transfected with pcDNA3.1 expression plasmids encoding the MNV-1 proteins as specified by the manufacturer. The cells were subsequently washed with phosphatebuffered saline (PBS), fixed with 4% paraformaldehyde (ProSciTech, Kirwan, Australia) for 10 min at 20°C, and permeabilized with 0.1% Triton X-100 for immunofluorescence (IF) analysis as previously described (20, 21) . Alternatively, cell monolayers were fixed with 4% paraformaldehyde for 10 min and permeabilized with 100% methanol for 5 to 10 min before being washed with PBS. Primary and secondary antibodies were incubated with blocking buffer (PBS containing 1% bovine serum albumin [BSA] ) and washed with PBS containing 0.1% BSA-0.1% Tween 20 between incubation steps. After a final wash with PBS, coverslips were drained and mounted onto glass slides with a quick-dry mounting medium (United Biosciences, Brisbane, Australia) before visualization on either a Zeiss LSM 510 Meta confocal microscope or a Leica confocal microscope. Images were collected and collated for publication using Adobe Photoshop software.
Western blotting (WB). MNV-1-infected or uninfected cells were lysed in 1ϫ COP buffer (10 mM Tris-HCl [pH 8.2], 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 5 g/ml leupeptin, sodium fluoride, sodium orthovanadate), and proteins were separated on 4 to 12% precast Tris-Bis polyacrylamide gels (Invitrogen). Proteins were subsequently transferred to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences Corp, Piscataway, NJ) using the Bio-Rad wet-transfer blotting module. The membrane was subsequently blocked with 5% skim milk powder (Diploma) or 5% BSA in PBS containing 0.1% Tween 20 at room temperature. Incubation with the appropriate antibodies was performed in blocking buffer on a rotating wheel overnight at 4°C. The bound antibodies were subsequently visualized with species-specific IgG conjugated to Alexa Fluor 488, 647, or 680 (Invitrogen) or IRDye 800CW (Rockland Inc.), using the Li-Cor Storm or Li-Cor Odyssey scanner. The resulting images were digitally scanned and processed in Adobe Photoshop for publication.
Plaque assay. Plaque assays were performed in 6-well plates by seeding 1 ϫ 10 6 RAW264.7 cells and the next day infecting cell monolayers with dilutions of virus-containing culture fluids for 60 min. Cells were overlaid with 2 ml/well of medium containing 70% DMEM, 2.5% fetal bovine serum (FBS), 15 mM sodium hydrogen carbonate, 5 U penicillin-streptomycin, 25 mM HEPES, 2 mM Glutamax, and 0.35% low-melting-point agarose and were incubated for 2 days at 37°C with 5% CO 2 . Cells were fixed by adding 1 ml/well of 4% formaldehyde directly onto the overlay and incubating for 30 min at room temperature. Cells were rinsed with water and stained with 0.2% crystal violet for 20 min, and plaques were counted.
qPCR. RNA extraction and quantitative PCR (qPCR) conditions have been described previously (1) . Briefly, 2.65 ϫ 10 6 Raw264.7 cells were seeded into 6-well plates and the next day were infected with MNV-1 at an MOI of 5. Cell lysates were collected at 12 h postinfection (hpi), and RNA was extracted for qPCR analysis. cDNA was generated from RNA samples using SuperScript III reverse transcriptase (RT) (Invitrogen). Briefly, 1 to 2 g of RNA, 2 pmol of each reverse primer (see below), and 10 nmol of deoxynucleoside triphosphates (dNTPs) were added to a PCR tube and made up to 13 l with diethyl pyrocarbonate-Milli-Q H 2 O (DEPC-MQ H 2 O). Quantitation of samples by qPCR was performed as follows. To each well of a 96-well PCR rack was added 200 nM forward (F) and reverse (R) primers (MNV1.RT.F, TTGTTGGCATCAAGGACACCTG; MNV1.RT.R, TGGATGGAATGAAGGGCTCC; mGAPDH.RT.F, CGTC CCGTAGACAAAATGGT; mGAPDH.RT.R, TCAATGAAGGGGTCGT TGAT), 12.5 l iQ SYBR green mix (Bio-Rad Laboratories), 5 l RT, and 2.5 l DEPC-MQ H 2 O. qPCR was performed using the iCycler iQ realtime PCR detection system (Bio-Rad Laboratories). Relative quantitative expression and fold induction were then calculated and plotted using GraphPad Prism 5.0 (GraphPad Software).
RESULTS
The MNV-1 RC localizes around the MTOC and induces alterations in microtubule morphology. We have previously shown that MNV-1 replication is associated with components of the endocytic and secretory pathways (21) . To extend our analyses further, we investigated whether cytoskeletal components also contribute to MNV-1 replication. To undertake this study, MNV-1-infected Raw264.7 cells were fixed for IF analysis at 1, 6, 12, 18, and 24 h postinfection (hpi) and dual labeled with antibodies against the MNV-1 RC (NS6-7 or NS7) and ␤-tubulin, vimentin, or ␣-actin and then analyzed by confocal microscopy ( Fig. 1 to 3 ). An involvement of microtubules was investigated in cells labeled for ␤-tubulin, where the MNV-1 RC was consistently observed to localize proximate to the microtubule organizing center (MTOC) as early as 6 hpi ( Fig. 1d to f) . In addition, we observed significant alterations in microtubule morphology from 12 hpi, which were characterized by the formation of thick microtubule bundles. The observed changes in microtubule morphology became more apparent at later time points during infection (i.e., 18 and 24 hpi), where ␤-tubulin was observed to label prominently around the periphery of infected cells ( Fig. 1j to o) .
A potential role for intermediate filaments was investigated in cells costained for vimentin, where we observed some colocalization at 12, 18, and 24 hpi (Fig. 2g to o) . The distribution of vimen-tin did appear to overlap with that of MNV-1 NS6-7 in the perinuclear region, close to the MTOC (Fig. 2) . This may represent a localization to aggresomes, which have previously been proposed to support the replication of African swine fever virus (ASFV) (17) . However, unlike ASFV and aggresome formation, the vimentin staining did not appear to surround the MNV-1 RC but rather colocalized with it. Additionally, the distribution of vimentin within MNV-1-infected cells remained relatively unchanged until very late in the replication cycle (i.e., 24 hpi) (Fig. 2m to o) , when a cytopathic effect was evident. In contrast, we observed relatively little association between the MNV-1 RC and actin during the course of infection (Fig. 3) . However, we observed some
The MNV-1 RC localizes around the MTOC and induces alterations in microtubule morphology. Raw264.7 cells were infected with MNV-1 at an MOI of 5, fixed at 1, 6, 12, 18, and 24 hpi, and labeled for the RC (NS7) (green) and ␤-tubulin (red). The MNV-1 RC was observed to localize to a perinuclear location proximal to the MTOC at 6 hpi and to induce alterations in the morphology of microtubules, namely, the formation of microtubule bundles, at 12, 18, and 24 hpi.
colocalization of NS6-7 with actin at later time points (particularly at 24 hpi [ Fig. 3m to o) , when there was a more punctuate distribution actin. This alteration may be a result of the induction of apoptosis, as this process is known to affect the morphology of cytoskeletal components and is upregulated during MNV-1 infection at later time points (7, 12, 14, 16, 33) .
In order to further characterize the interaction between the MNV-1 RC and the MTOC, we investigated the localization of two MTOC components, ␥-tubulin and pericentrin, during the course of infection. MNV-1-infected Raw264.7 cells were fixed at 1, 6, 12, 18, and 24 hpi and dual labeled with antibodies against either NS6-7 or NS7 and ␥-tubulin or pericentrin, (Fig. 4 and data not shown). At 12 hpi the MNV-1 RC was clearly observed to localize around both ␥-tubulin-and pericentrin-labeled struc- 18, and 24 hpi, and labeled for the RC (NS6-7) (green) and vimentin (red). MNV-1 was observed to colocalize with vimentin at 12 hpi and to induce alterations in the distribution and morphology of vimentin at 18 and 24 hpi.
tures (Fig. 4) . Interestingly, while the localization of the MNV-1 RC proximal to the MTOC was consistently observed throughout the course of infection, we observed no direct colocalization between the MNV-1 RC and either ␥-tubulin or pericentrin at time points when there was optimal virus replication, suggesting that the anchoring of the RC to the perinuclear region of the cell is not dependent on a direct association between the RC and the MTOC.
Some colocalization was observed at the later time points; however, these cells were undergoing severe cytopathic effects, so the true impact of this association is difficult to resolve. Importantly, we observed no alteration in the localization of either ␥-tubulin or pericentrin during the course of infection (Fig. 4 and data not shown), nor did we observe any ablation in the labeling of these components. This would suggest that the localization and func- tion of these components are not overtly affected during MNV-1 replication. Inhibition of microtubule dynamics perturbs steps in the MNV-1 replication cycle. Based on the observation above that the MNV-1 RC localizes around the MTOC early in infection, we proposed that the virus utilizes microtubules to traffic from the periphery of the cell to the site of replication, which resides proximal to the MTOC. In order to determine at what stage during the MNV-1 replication cycle the microtubule network is important (i.e., entry, replication, or egress), we utilized the biochemical properties of nocodazole (Noz), a cytotoxic agent known to inhibit microtubule polymerization. An effective concentration of 10 M Noz, which inhibited microtubule polymerization but maintained cell viability, was used to treat Raw264.7 cells either prior to infection, 1 hpi, or 6 hpi The pretreatment was to determine if there were major effects on the entry process, the 1-h treatment was used to determine effects after entry (a time period identified by Perry et al. [39] ), and the 6 h treatment was used to determine effects after the initial rounds of MNV-1 replication.
Immunoblots of MNV-1-infected cell lysates harvested at 12 hpi were probed with antibodies against the ORF1 protein NS7 and the ORF2 protein VP1 and analyzed for changes in the level of viral protein expression (Fig. 5A) . In samples treated with Noz prior to and immediately after infection, we observed a significant decrease in the level of viral protein expression compared to those in untreated samples and samples treated with Noz at 6 hpi (Fig. 5A) . We observed an equally significant reduction for the ORF1 protein NS3 (data not shown), suggesting that this was a global effect on viral protein translation. Interestingly, we when assessed the effect on viral RNA replication, we observed a large increase in the intracellular accumulation of viral RNA during the pre-and posttreatments (Fig. 5B) . The most significant increase in viral RNA occurred at 1 h pretreatment, which coincided with an associated decrease in protein production. When we examined the effect of Noz on production of both intracellular and extracellular virus, we observed a significant decrease in the Noz-treated samples prior to or at 1 hpi (Fig. 5B) . It appeared that Noz dually affected the production of intra-and extracellular virus, suggesting that it is not solely an issue of release of the virus particles from infected cells (Fig. 5C) . Interestingly, again the most significant decrease in virus production was associated with the increase in viral RNA accumulation. In order to explore the role of microtubules further, we analyzed the effect of Noz treatment on the localization of the MNV-1 RC (Fig. 5D ). Raw264.7 cells were treated with Noz prior to infection and then infected with MNV-1. Cells were then fixed at 12 hpi, colabeled for NS6-7 and either ␣-tubulin, ␤-tubulin, or pericentrin, and analyzed by confocal microscopy (Fig.  5D) . In untreated cells infected with MNV-1, the RC was observed predominantly as a single large, dense body which localized to a perinuclear position, as shown in Fig. 4d to f. However, in cells treated with Noz, this perinuclear localization was disrupted and sites of replication were observed as multiple foci distributed randomly throughout the cytoplasm (Fig. 5D ). This disruption is particularly evident when comparing the staining patterns of NS6-7 and pericentrin in untreated and Noz-treated cells (compare Fig. 4h with inset in Fig. 5D, panel i) .
Thus, we suggest that disruption of microtubule dynamics alters the intracellular site of viral replication (Fig. 5D ), leading to an accumulation of viral RNA (Fig. 5B) at a distinct site, and it is not efficiently utilized or accessible for translation (Fig. 5A ) and is not efficiently packaged into newly formed virions (Fig. 5C ). These data imply that the establishment and positioning of the MNV-1 RC proximal to the MTOC are microtubule dependent and are critical for efficient viral protein translation and virus assembly.
Acetylated tubulin is redistributed to the MNV-1 RC during replication. Cellular modification of microtubules by adaptor proteins such as microtubule-associated proteins (MAPs) and posttranslational processes allows for the alteration of the properties of microtubules, thereby changing their functional characteristics. Posttranslational acetylation of microtubules is associated with an increase the stability of microtubules and is characterized by the formation of microtubule bundles (49) . As we observed the formation of similar structures in MNV-1-infected cells (Fig. 1) , we sought to further analyze the effect of MNV-1 replication on the formation and localization of acetylated microtubules. Raw264.7 cells were infected at an MOI of 5, and cells and cell lysates were then collected for IF or WB analysis, respectively, at 1, 6, 12, 18, and 24 hpi For IF, cells were dual labeled with antibodies against NS6-7 and acetylated ␣-tubulin and analyzed by confocal cells were infected with MNV-1 at an MOI of 5, fixed at 12 hpi, and labeled for the RC (NS7/NS6-7) (red) and pericentrin or ␥-tubulin (green). MNV-1 was observed to localize proximal to the MTOC but did not exhibit any colocalization with either pericentrin or ␥-tubulin. The morphology and distribution of pericentrin and ␥-tubulin did not alter during the course of infection. microscopy ( Fig. 6A) . Cell lysates were also analyzed by Western blotting using antisera against acetylated ␣-tubulin, NS7, and actin (Fig. 6B) . The distribution of acetylated tubulin labeling was observed to be altered in MNV-1-infected cells, and it was seen to be recruited to the RC (Fig. 6A) . Interestingly, when quantified by WB, the level of acetylated tubulin was not observed to increase significantly at any time point during infection (Fig. 6B) . This would suggest that while the level of acetylation of microtubules remains unaltered in infected cells, MNV-1 is able to redistribute stable microtubules to the site of replication.
MNV-1 major structural protein VP1 associates with and alters the distribution of acetylated tubulin. In order to determine how MNV-1 potentially interacts with microtubules, we analyzed the morphology and distribution of microtubules in cells transfected with individual MNV-1 proteins. Vero C1008 cells were transfected with MNV-1 ORF1 proteins as described previously (20) and here. At 24 h posttransfection (hpt), cells were fixed and dual labeled with antisera against ␤-tubulin or acetylated ␣-tubulin and antisera specific for the individual viral proteins and then analyzed by confocal microscopy (Fig. 7A) . In cells transfected with MNV-1 ORF1 proteins, we observed some minor colocalization between the MNV-1 ORF1 proteins and ␤-tubulin; however, the vast majority of the labeling was not coincident (Fig. 7A) . In addition, we did not detect any significant alterations in ␤-tubulin distribution or morphology in these cells. However, in ORF1-transfected cells labeled for acetylated tubulin, we observed some minor colocalization between acetylated tubulin and both NS3 and NS4, although various degrees of colocalization were observed with all ORF1 proteins, albeit most likely not significant (Fig. 7B) . As other viruses which are known to interact with microtubules do so via structural proteins, we expanded our analysis to include the MNV-1 structural proteins VP1 and VP2. Unfortunately, we were unable to express VP2 under the conditions utilized in this study. When expressed in Vero cells, VP1 was observed to be distributed throughout the cytoplasm and within the nucleus and was present as very small punctuate structures (Fig.  7C) . In cells colabeled with ␤-tubulin, we did not observe any significant colocalization of VP1 with microtubules (Fig. 7C) . However, in cells labeled for acetylated tubulin we observed extensive colocalization with VP1. Additionally, we observed considerable redistribution of acetylated tubulin in VP1-expressing cells, including the absence of distinct filamentous acetylated microtubules which are typically seen in mock cells. This would suggest that VP1 may redistribute acetylated tubulin within trans- fected cells in a manner that prevents assembly of this component into distinct filamentous structures.
A proportion of the MNV-1 major structural protein VP1 associates with the MNV-1 RC during infection. To extend these studies, we wished to determine whether the MNV-1 VP1 protein localized to the RC. RAW264.7 cells were infected as described above and IF analysis performed over the course of infection (Fig.  8) . As can be observed, the VP1 proteins were associated with the MNV-1 RC throughout the duration of infection; however, only a small proportion of the VP1 protein colocalized with the RC. At the peak time of infection (i.e., 12 hpi), the VP1 distribution was observed to be diffuse throughout the cytoplasm (Fig. 8d to i) , and it became more perinuclear, and colocalized with the RC, at the later time points (Fig. 8j-l) .
DISCUSSION
The cytoskeleton plays a vital role in a myriad of cellular functions, including cell architecture, movement, signaling, and intracellular VP1 with the RC. Raw264.7 cells were infected with MNV-1 at an MOI of 5 and fixed at 0, 6, 12, and 18 hpi. Cells were labeled with antisera against the RC (dsRNA) and the MNV-1 capsid (VP1). A proportion of the MNV-1 VP1 was observed to localize within the RC at all time points analyzed, in addition to there being some diffuse labeling within the cytoplasm.
trafficking (18, 29, 35) . Accordingly, many viruses have evolved mechanisms which enable them to exploit these structures to aid in their replication (30, 41, 42) . Here we show that MNV-1 appears to utilize microtubules during the early stages of replication to establish localization/positioning of the RC proximal to the MTOC. Previously we have characterized the subcellular localization of the MNV-1 RC and shown that replication is associated with significant changes in cellular organelle morphology and distribution (21) . In addition, we have showed that the transient expression of the MNV-1 ORF1 proteins NS1-2 and NS4 displays localization patterns consistent with what we observed during virus infection (20) . In this study, we have further defined the subcellular localization of the MNV-1 RC and shown it to localize to a site juxtaposed to the MTOC ( Fig. 1 and 4) . Localization of the RC to this site was dependent on apparent microtubule integrity, as nocodazole treatment led to dispersion of the RC within the cytoplasm (Fig. 5) . Furthermore, treatment with nocodazole early during infection resulted in a significant inhibition of production of viral protein and infectious particles (Fig. 5) , strongly suggesting that localization of MNV-1 to the MTOC is required for optimal virus replication. Interestingly, while disruption of microtubules inhibited localization of the MNV-1 RC to the MTOC, virus replication was still detected in the periphery of cells and presented as discrete foci (Fig. 5D) , and in fact it appeared that viral genome replication was enhanced. Currently we can only speculate that this apparent increase in intracellular viral RNA may be attributable to the fact that this RNA does not appear to be accessible for translation or packaging into newly formed virions. Therefore, our conclusion is that the localization of the RC proximal to the MTOC is a crucial step in the virus life cycle to promote the production of infectious particles. Currently we are attempting to elucidate the mechanism and potential coupling between viral RNA replication, protein translation, and virus assembly.
While localization of the MNV-1 RC proximal to the MTOC was maintained throughout infection, IF analysis revealed no direct association between MNV-1 and host proteins residing within the MTOC, namely, ␥-tubulin or pericentrin, nor did the morphology and distribution of these proteins appear to be affected (Fig. 4) . The apparent absence of a direct interaction between MNV-1 and the MTOC suggests that the virus may utilize an alternative strategy for maintaining its positioning around the MTOC. Tethering of the RC to other cellular components that localize to this region (e.g., the Golgi apparatus and nuclear envelope) seems plausible, particularly in light of our recent observations that several MNV-1 ORF1 proteins associate with these organelles (namely, NS1-2 with the endoplasmic reticulum [ER] and NS4, with endosomes) (20) . However, as many of these organelles are dynamic in nature, with their components continually being trafficked from their resident compartment and recycled back again, it is also possible that some other mechanism is required to keep the RC anchored to this region.
In addition to investigating the role of microtubules in MNV-1 replication, we analyzed the effect of replication on posttranslational acetylation of tubulin ( Fig. 6 and 7) . In MNV-1-infected cells we observed the redistribution of acetylated tubulin to the RC but did not detect any appreciable change in the level of acetylated tubulin ( Fig. 6A and B) . Further analysis of transfected cells revealed an association between acetylated tubulin and VP1. Redistribution of acetylated tubulin by VP1 (Fig. 7B) , but not the ORF1 proteins (Fig. 6) , suggests that interaction of the MNV-1 RC with microtubules is potentially mediated via VP1. We have observed that VP1 is consistently found within the MNV-1 RC during the course of infection as well as diffuse within the cytoplasm (Fig. 8) .
Herpes simplex virus, African swine fever virus, and hepatitis E virus have been shown to modulate acetylation of microtubules (13, 25, 27, 55) . However, in contrast to MNV-1, these viruses were observed to stimulate increased tubulin acetylation. Conversely, other viruses, such as poliovirus and foot-and-mouth disease virus, have been shown to disrupt microtubule formation via cleavage of cytoskeletal components which stabilize microtubules (3, 23, 24) . Why the recruitment of acetylated tubulin to the RC would contribute to MNV-1 replication still remains unclear. One possible explanation is that sequestration of acetylated tubulin may serve to inhibit anterograde trafficking and signal transduction. The molecular motor kinesin-1 traffics intracellular cargo in an anterograde manner and has been shown to bind with greater affinity to acetylated microtubules (8, 43) . Additionally, Giustiniani and colleagues have demonstrated that microtubule acetylation promotes the association of the chaperone Hsp90 with microtubules in addition to promoting the signaling of the proapoptotic proteins p53 and protein kinase B (PKB) (15) . In addition to regulating signal transduction via interactions with PKB, acetylated microtubules also regulate the function of ATPases which are involved in signal transduction (reviewed in reference 2). In light of this, it seems feasible that sequestration of acetylated tubulin by MNV-1 would have some effect not only on intracellular trafficking of key molecules such as cytokines but also on key signaling pathways that may interact with the microtubule network.
In addition to illustrating a role for microtubules in MNV-1 replication, our results also indicate a role for actin in early stages of replication, though the exact role of the actin cytoskeleton in the MNV-1 replication cycle still remains unclear. While our initial observation of infected cells revealed an association with and morphological changes in microtubules, only minor alterations in actin morphology were observed until much later during the replication cycle (Fig. 3) . Interestingly, we observed that cytochalasin D treatment did not appear to significantly inhibit the production of infectious virus particles, yet drug treatment prior to infection did appear to inhibit localization of the RC to the MTOC (data not shown). Two previous reports have suggested roles for actin in the replication cycle of Caliciviruses; however, the observations are conflicting. Perry et al. (38) observed that treatment with cytochalasin D enhanced MNV-1 infection, whereas Stuart and Brown (48) observed that feline calicivirus infection was impaired. In each case, though, only virus-positive cells were enumerated and effects on virus replication were not quantitated.
One possible explanation for these seemingly disparate observations may be found in the close interrelation between the microtubule and actin networks. While the roles of microtubules and actin in intracellular trafficking have typically been treated as separate, it has become increasingly apparent that there is significant overlap in the function and regulation of these two networks. Correspondingly, several proteins (WAFL and mDia), including molecular motors (MyoVA), have been demonstrated to associate with both the microtubule and actin networks to coordinate intracellular trafficking and other functions, such as cell movement (11, 19, 22, 40, 44, 45, 50) . Additionally, a number of viruses, including Semliki forest virus, vaccinia virus, and respiratory syncytial virus, have been shown to utilize both microtubules and actin in a coordinated manner to facilitate replication (26, 34, 47) . In light of this, we propose that while actin does not appear to be necessary for MNV-1 entry, it is likely required for transition of endocytosed virus onto microtubule tracks postentry. However, it also cannot be excluded that delivery of a host factor to the MTOC, facilitating viral transcription and/or translation, is equally required by MNV-1 for efficient replication and tethering of the MNV-1 RC within this area.
An alternate explanation for the localization of MNV-1 around the MTOC may be that MNV-1 replicates in association with aggresomes or aggresome-like structures (17, 36, 52) . Aggresomes form in response to an accumulation of misfolded or aberrant proteins and localize around or adjacent to the MTOC (54) . Similarities between aggresomes and the RCs of viruses which also localize proximal to the MTOC have prompted the speculation that these viruses may associate with these structures to facilitate their replication (17, 36, 51, 52) . While the MNV-1 RC may share similarities with aggresomes, the lack of certain structural components characteristic of aggresomes, such as the formation of a vimentin cage, suggests that this may not be the case.
In the present study, we have further characterized the subcellular localization of the MNV-1 RC and shown that it localizes proximal to the MTOC. Additionally, we have demonstrated for the first time a role for microtubules in the replication of a calicivirus. While it is clear that localization proximal to the MTOC is crucial for efficient MNV-1 replication, we are still attempting to understand how this contributes to virus replication and how this affects cellular responses. Further understanding of this association between MNV-1 and the cytoskeleton will provide greater insights into the replication and pathogenesis of the Caliciviridae.
